Abstract-In time-division multiple-access (TDMA) systems, the autonomy of portable handsets is a major constraint. We propose a new method, conditional equalization, which minimizes the power consumption due to equalization by equalizing only when it is most needed.
I. INTRODUCTION

I
N MOBILE communication systems, the propagation channel imposes perturbation effects on the transmission link (attenuation, distortions, and fluctuations). It has direct consequences on the functionalities which are needed in the transmitter and the receiver. Estimation of the channel and equalization are a means of obtaining the performance required in mobile radio time-division multiple-access (TDMA) systems.
With the development of mobile systems, a major constraint is the desired size and autonomy of the portable handset. Some techniques are used to minimize the power consumption, such as control of power or vocal activity detection. In this article we propose a device to limit the consumption due to equalization. The idea is to adapt the power resources of the handset depending on the quality of the received signal. Its principle is to resort to the processing only when it is needed and to abstain from using it when the distortions due to the channel are weak. The paper is organized as follows. After introducing in Section II the notations and hypotheses used in this paper, we present in Section III how the evaluation of the performance of the receiver in terms of probability of error is carried out. In Section IV, we explain the principle of conditional equalization and we display the theoretical performance of this device over a two-path Rayleigh fading channel. Simulation results are the core of Section V. The method is used with a decision feedback equalizer (DFE) equalizer over the channels recommended by the COST 207 final report. We show its applicability and its interest for reducing the power consumption of portable handsets in TDMA systems. Finally, Section VI contains the concluding remarks.
II. NOTATIONS AND HYPOTHESES [1] , [2] Let us consider a narrow-band signal around frequency (1) Let us consider a binary pulse amplitude modulation (2ASK), the baseband equivalent signal can be written as (2) where is the symbol period, symbols take with equal probabilities the values and , and is the shaping pulse in emission. The baseband equivalent transmission scheme corresponds to Fig. 1 .
Both emission and reception filters are raised cosine filters, where denotes the corresponding rolloff factor. The mobile radio channel response is written as (where corresponds to the number of rays of the channel)
0018-9545/99$10.00 © 1999 IEEE The received signal is the signal transmitted through the mobile radio channel affected by an additional white Gaussian noise , having two-sided density . For reasons of convenience, we denote by the baseband equivalent filter to the whole transmission scheme (emission, channel, and reception filtering) and is the additive noise corresponding to after the reception filtering (see Fig. 2 ). The global response, including pulse filtering, is expressed as (4) where corresponds to a cosine filter. The received signal after sampling at time is
that we denote (6) with Assuming that only a finite number of coefficients are nonnegligible, the discrete response of the channel is (7) with and denotes the length of the response of the channel.
We define the partial instantaneous signal-to-noise ratio (SNR) corresponding to the th path, as where is the noise variance
The global instantaneous SNR is where is the energy per bit of the received signal. IN THE CASE OF MULTIPATH CHANNELS  This section presents how the performance is evaluated in  the case of an optimum transmission (matched filter bound) and in the case of a transmission without equalization in the receiver. These results enable us to propose the conditional equalization method and to evaluate its performance in Section IV.
III. EVALUATION OF ERROR PROBABILITIES
A. Optimum Performance 1) Fixed Channel: For a binary transmission and for any fixed channel with additive white Gaussian noise, the matched filter bit error probability is the limit of the achievable performance. This bit error probability is given by [3] , [4] (9) 1 (9) 2) Rayleigh Fading Channel: In the case of an independent multipath Rayleigh fading channel, the received energy-tonoise ratio fluctuates. Each can be considered as a random variable distributed according to an exponential distribution (10) where is the average partial SNR corresponding to the th path. The average SNR is then defined by where represents expectation.
The average bit-error probability function is computed by the average of over all the possible channel responses as follows:
(12) Details of this computation can be found in [2] , [3] , and [4] . In the case of Rayleigh fading channels with multipaths with identical average partial SNR , the average bit error probability is expressed by 
B. Performance in the Absence of Equalization
In order to present the way performance is evaluated when no equalization is led, we first explain what we mean by no equalization. The receiver does not resort to any technique to eliminate the distortions due to the channel. This situation is usually called reception in the presence of intersymbol interference (ISI) [5] .
The channel is estimated by the receiver. In the following, we consider a perfect estimation of the channel. The estimation of the channel enables us to decide which coefficient corresponds to the path having the greatest energy. The reception system makes a decision in relation to this path.
The received signal can be written as
where corresponds to the path with the greatest energy (also called the principal path).
In this expression, the first part corresponds to the part of the signal which is transmitted through the principal path, the second part is the portion of the signal transmitted by the other paths which causes ISI, and the last part is the additive noise.
The receiver makes its decisions relative to the principal path, without considering the remaining paths. The signal is divided by the coefficient of this path, (15) This signal allows the determination of the symbol. In the considered binary modulation where the emitted symbols are real, the decision is made on the real part of . The contribution of the other paths of the channel is their projection on the direction defined by the greatest energy path. Let denote the residual ISI term (16) Fig. 3 shows the impact of ISI when no equalization is used.
1) Performance in the Case of a Fixed Channel:
For a fixed , the conditional error probability is given by (17) (18) It follows that the error probability is
Details of the computation of this probability are given in [2] . In the general case, this probability cannot be expressed as a function exclusively depending on . Its expression depends on all the variables and . In the case of two-path channels, if , the error probability is simply expressed as (20) where . In the following, we denote this function by . Symmetrically, when the error probability, denoted by , is
2) Performance for Fading Channels: In the case of multipath fading channels, the average probability is evaluated by considering all the possible occurrences of the channel. This leads to an averaging over the variables , which are exponentially distributed (10) , and which are uniformly distributed over . In the case of a two-path channel, the average bit-error probability function is computed by
Extensive analytical computation of this probability can be found in [2] .
C. Comparison of Performance for Two-Path Fading Channels
Fig . 4 represents the average bit error rate (BER) with optimum equalization [6] and without any equalization in the case of a Rayleigh fading channel with two independent paths of equal average energies. The interest of equalization is illustrated by the important improvement in the performance. In the following, we describe a processing, conditional equalization, which leads to a performance close to that obtained with a systematic equalization and which considerably decreases the average number of processings in the receiver.
IV. CONDITIONAL EQUALIZATION
The purpose of conditional equalization is to save the handset resources by resorting to the complete processing of the equalizer only in the most severe distortion cases, i.e., that imply the degradation in the performance.
At each time slot, the receiver estimates, on its own, the need to resort to equalization. The proposed method does not need any additive signaling on the network. When the channel is considered as weakly dispersive by the receiver, the processing is limited to a division of the demodulated signal by the greater energy path coefficient , followed by a decision on the real part (Fig. 5.) .
This device implies the definition of a criterion intended to make a partition between weakly dispersive channels and dispersive channels. We propose deterministic criteria which enable the receiver to decide at each time slot if equalization should be used or not. In this section we describe the two proposed criteria and analyze their analytical performance in the case of a two-path Rayleigh fading channel, which is a channel usually considered as representative of mobile radio transmissions and which allows analytical computation.
A. Definition of a Criterion: C1
We define a criterion (denoted by C1) based on the paths' energies. 6 . Domains for the computation of the average error probability when using C1. For each domain the related conditional probability function is displayed.
Criterion C1: If the energy of a path is far greater than the total energy of the other paths, this path is considered as predominant and no equalization is used. This predominancy can be expressed by the following. If can be found such that , then the path is predominant.
This criterion is easy to implement in the receiver as its consists of the following processing: computing the energy of each (formerly estimated) path, then determining the principal path, and, finally, checking if the sum of the energies of the other paths is less than a relevant threshold. The additional complexity of this criterion is, consequently, very small [2] .
In the case of a two-path channel this criterion is expressed by or no equalization equalization where is the threshold linked to C1. 1) Error Probability: We evaluate, analytically, the performance of conditional equalization in the case of a Rayleigh fading channel with two independent paths. Equalization is optimal equalization conditionally to C1 with a fixed threshold . To compute the average error probability, we must operate the integration of the conditional probability of error on and . The part of the computation corresponding to the no equalization case is the integration of the functions and defined in (20) and (21), which are dependent. The other part corresponding to the equalization case is obtained by integrating the related function (9) , which is independent of . We can represent the computation of the error probability relative to this criterion on a axis (Fig. 6 ). The average error probability can be expressed as have an exponential distribution and is uniformly distributed over when using the symmetries of the computation. The complete analytical expressions of these integrals are explicated in [2] .
2) Correspondence Between the Choice of and the Percentage of Equalization: The percentage of no equalization is related to the probability that either or . In the case of Rayleigh fading, a simple computation leads to the percentage of no equalization which is (24)
In the case of a Rayleigh fading channel with two paths of equal average energies, this percentage is represented in Fig. 7 .
3) Performance: Fig. 8 shows the theoretical performance of an optimum equalizer with conditional equalization relative to criterion C1 for several values of the threshold corresponding to different percentages of avoided equalizations in the case of a Rayleigh fading channel with two paths of equal average energies.
For a given average BER of 8 10 (corresponding to the BER obtained with a systematic equalization for an average SNR of 9 dB), using the equalizer 50% of the time, for instance, corresponds to a degradation in the SNR performance of 1.1 dB comparative to the performance of systematic equalization. This result shows that it is possible to save a percentage of the power consumption of the equalizer without great damage to the BER performance. This study proves the value of conditional equalization. However, the benefits implied by conditional equalization are deeply related to the choice of the relevant decision criterion.
B. Definition of a Second Criterion: C2
We define a second criterion (denoted by C2) based on the ISI contribution on which the probability of error depends.
Criterion C2: We determine which path has the greatest energy. If the projection of the other paths on the axis defined by this greatest energy path is far smaller, the ISI is considered as negligible and no equalization is used. The predominancy of a path can be expressed by the following. If can be found such that , then the path is predominant. The complexity of implementation of this criterion is greater than the complexity of C1 because of the computation of the projections over the principal path of the other paths. However, this complexity is low enough to be used practically in the receiver [2] . In the case of a two-path channel, this criterion is expressed by or no equalization otherwise equalization where is the threshold corresponding to C2 and is the difference between the phases of the two paths. This criterion explicitly depends on .
1) Error Probability:
We consider a Rayleigh fading channel with two paths and an optimal equalization conditionally to C2. As in the case of C1, to evaluate the average error probability we integrate the conditional probability on the Fig. 9 . Domains of computation for the average error probability when =j cos()j 2 < 1. For each domain, the related conditional probability function is displayed. If we define , then we can represent the computation related to this case on the axis (Fig. 9) . ii) . Then and the criterion becomes or otherwise no equalization equalization
The no equalization condition is always true (Fig. 10 ). It follows that (25) The complete analytical expression of the average error probability is explicated in [2] .
2) Correspondence Between and Percentage of Equalization:
The percentage of no equalization for a two-path Rayleigh fading channel can be computed by (26) In the case of a Rayleigh fading channel with two paths of equal average energies, this percentage is represented in Fig. 11 .
3) Performance: The average BER performance for a conditional optimum equalization using C2, for a Rayleigh fading channel with two paths of equal energies is displayed on Fig. 12. C2, using more information about the channel, is more efficient than C1. When using the equalizer 50% of the time, the degradation for an average fixed BER set at 8 10 (performance of systematic equalization at average SNR 9 dB) is close to 0.8 dB, which is less than the degradation obtained with C1 (1.1 dB) . Fig. 13 represents the degradation in the SNR performance for a BER set at 8 10 . It explicitly shows that C2 enables us to reach better performance than C1 for a given percentage of no equalization. In addition, it shows that below 50% of saved equalizations, the degradation is relatively low (less than 1 dB).
These theoretical results show that using conditional equal- ization with a relevant criterion enables the saving of a great percentage of power consumption and the saving of time spent in the equalizer with a limited damage to the BER performance. Consequently, conditional equalization appears as a promising technique for increasing the autonomy of portable handsets.
V. APPLICATION TO MOBILE RADIO CHANNELS
In this section, we present the results of simulations of the proposed method for the channels recommended by the COST 207 [7] , [8] , using a DFE instead of an optimal equalizer. We analyze the performance and show the applicability and the efficiency of conditional equalization for TDMA mobile radio systems.
A. COST 207 Channels
Simulations of this paper are based on the six-tap profiles proposed by the COST 207 group [7] for simulations over mobile radio channels. The proposed models describe four different environments: typical urban (TU), bad urban (BU), hilly terrain (HT), and rural area (RA). Figs. 14-17 represent the average relative power of the six taps corresponding to the WSSUS model for each environment. Except for the first tap of the RA model, which follows a Rice distribution typical of [9] , [10] Considering the previous models, we carried out simulations of conditional equalization when using the most efficient criterion, C2. The performance of a conditional optimal equalizer is studied in [2] . In this section, we display the performance of a conditional DFE equalizer with eight forward and six backward coefficients. The used modulation is 2ASK, with a symbol rate equal to the GSM symbol rate: 270.833 kbauds. The rolloff coefficient of the pulse shape is set at . The simulations have been carried out using the Monte Carlo method over 7500 channel realizations. The estimation of the channels has been supposed perfect in this paper.
B. Performance of a Conditional DFE Equalizer
Figs. 18-21 display the results of the use of a conditional DFE over the considered channels, for various choices of the threshold leading to different percentages of avoided equalizations. Fig. 21 shows that, in the RA case, equalization is useless and should be avoided. In other environments it appears that, for mobile radio channels, conditional equalization enables to save a great percentage of equalization without an important loss of performance. Avoiding half of the equalizations by resorting to C2 leads to degradations of the average SNR, fulfilling the same performance as systematic equalization at 9 dB, of 0.6, 0.2, and 0.1 dB, respectively, for HT, BU, and TU models.
These results show that conditional equalization can be used profitably in practice. A compromise between the degradations of the performance and the percentage of saved equalizations must be determined.
In order to use conditional equalization in practice, the threshold used in the decision criterion must be preliminarily set at a fixed value. Fig. 22 displays the degradation, for a fixed average BER, as a function of this threshold for the TU, BU, HT, and RA channels. Fig. 23 displays the percentage of saved equalization as a function of the threshold for the same channels. It can be seen that for low values of the threshold , degradations are small and the percentage of avoided equalizations is nevertheless nonnegligible. These figures enable us to reach a good compromise between the gain (saved equalization) and the loss (degradation) inherent in conditional equalization.
A maximum of the acceptable degradation for all channels can be ensured by the determination of the threshold in the worst case (bad urban) using Fig. 22 . Thus, setting the threshold at 0.13 leads to a degradation smaller than 0.5 dB in all the cases considered. The gain of saved equalization is 43% for bad urban, 62% for hilly terrain, 79% for typical urban, and 98% for rural area channels (see Fig. 23 ). The power consumption due to equalization is reduced in the same proportions.
VI. CONCLUSION
We propose a new method for increasing the autonomy of the portable handset in TDMA mobile radio systems. It minimizes the power consumption, due to equalization by resorting to equalization only when it is most needed and abstaining from equalizing when the distortions due to the propagation channel are weak. By adapting the resources of the receiver to its real needs, a great percentage of useless equalization can be saved without a noticeable degradation in performance.
At each time slot, the receiver autonomously decides if equalization is needed or not, according to a relevant criterion, using the estimation of the channel (supposed to be perfect within the scope of this paper). The proposed method does not necessitate any additive signaling on the network. Two criteria have been theoretically analyzed in the case of 2ASK transmission through a two-path Rayleigh fading channel. Extensive simulations for transmissions over the recommended COST 207 channels show the efficiency of conditional equalization for mobile channels.
The most efficient criterion among those considered enables to have, for a fixed BER, a degradation of less than 0.5 dB, while providing a respective gain of 43% in saved equalization for the BU channel, 62% for the HT channel, 79% for the TU channel, and 98% for the RA channel. These results show conditional equalization to be a promising method for improving the autonomy of portable handset in mobile systems.
The impact of the accuracy of the channel estimate on conditional equalization is studied in [2] and [11] . In the general case, the BER is increased in the presence of errors in the evaluations of the coefficients of the channel. When the receiver does not resort to the whole process of equalization, the degradation of the BER is only caused by the predominant coefficient, which leads to a better BER than an equalization using all the imperfect coefficients when the channel is not dispersive. Consequently, conditional equalization that aims at reducing power consumption also minimizes the effects of the errors of channel estimation. This is the area of our future research work and it is expected to lead to further publications.
